We report the lattice thermal conductivity (κ) of cubic boron nitride (c-BN) under pressure calculated using density functional theory. Pressure was used to manipulate the c-BN phonon dispersion and study its effect on thermal conductivity. These results were compared to c-BN's mass-equivalent, nonpolar counterpart, diamond, in order to isolate the effect of polar bonds on thermal conductivity. Unlike diamond, the variation of κ at room temperature (κ RT ) with applied pressure in c-BN is nonlinear in the lowpressure regime followed by a transition to a linear regime with a distinct change in the slope at P > 114 GPa. We find that the change in κ with pressure cannot be described with power law expressions commonly used for Earth mantle materials. The nonlinearity in the low-pressure regime can be related to the nonlinear change in LO-TO gap, group velocities, and specific heat with increasing pressure. In addition, we find that, although optical branch contributions to thermal conductivity are small (∼2% at RT), the rise in κ RT for P > 114 GPa is due to (1) the decoupling of the longitudinal acoustic branch from the optical branches and (2) depopulation of the optical branches. These lead to a sharp reduction in acousticacoustic-optic (a-a-o) scattering and a discrete change in the acoustic phonon mean free paths. This study illustrates the importance of optical branches and their interactions with acoustic branches in determining the total thermal conductivity of polar materials. This finding is also relevant for current research in geologic minerals under pressure and the design of thermoelectrics. The last decade has seen a renaissance in the study and understanding of thermal conductivity (κ) in materials and nanostructures, driven largely by new ab initio Boltzmann transport approaches [1-6], large-scale molecular dynamics simulations [7] [8] [9] [10] , and novel κ measurement techniques [11] [12] [13] . These approaches offer an unprecedented window into the secret life of phonons, providing, for the first time, accurate estimates for (1) normal and umklapp scattering rates in crystals [2, 14] , (2) thermal conductivity accumulation function [11, 15, 16] , and (3) the often underestimated role of optical phonons [17, 18] . These insights have led to the prediction of new high κ materials (e.g., BAs [19] ), techniques for improving thermoelectrics [20, 21] , and κ estimates for minerals deep in the Earth [6, 22] .
We report the lattice thermal conductivity (κ) of cubic boron nitride (c-BN) under pressure calculated using density functional theory. Pressure was used to manipulate the c-BN phonon dispersion and study its effect on thermal conductivity. These results were compared to c-BN's mass-equivalent, nonpolar counterpart, diamond, in order to isolate the effect of polar bonds on thermal conductivity. Unlike diamond, the variation of κ at room temperature (κ RT ) with applied pressure in c-BN is nonlinear in the lowpressure regime followed by a transition to a linear regime with a distinct change in the slope at P > 114 GPa. We find that the change in κ with pressure cannot be described with power law expressions commonly used for Earth mantle materials. The nonlinearity in the low-pressure regime can be related to the nonlinear change in LO-TO gap, group velocities, and specific heat with increasing pressure. In addition, we find that, although optical branch contributions to thermal conductivity are small (∼2% at RT), the rise in κ RT for P > 114 GPa is due to (1) the decoupling of the longitudinal acoustic branch from the optical branches and (2) depopulation of the optical branches. These lead to a sharp reduction in acousticacoustic-optic (a-a-o) scattering and a discrete change in the acoustic phonon mean free paths. This study illustrates the importance of optical branches and their interactions with acoustic branches in determining the total thermal conductivity of polar materials. This finding is also relevant for current research in geologic minerals under pressure and the design of thermoelectrics. The last decade has seen a renaissance in the study and understanding of thermal conductivity (κ) in materials and nanostructures, driven largely by new ab initio Boltzmann transport approaches [1] [2] [3] [4] [5] [6] , large-scale molecular dynamics simulations [7] [8] [9] [10] , and novel κ measurement techniques [11] [12] [13] . These approaches offer an unprecedented window into the secret life of phonons, providing, for the first time, accurate estimates for (1) normal and umklapp scattering rates in crystals [2, 14] , (2) thermal conductivity accumulation function [11, 15, 16] , and (3) the often underestimated role of optical phonons [17, 18] . These insights have led to the prediction of new high κ materials (e.g., BAs [19] ), techniques for improving thermoelectrics [20, 21] , and κ estimates for minerals deep in the Earth [6, 22] .
While the thermal conductivities of numerous materials have been calculated from first principles recently, a fundamental question of how thermal transport in polar materials differs from their nonpolar counterparts is still unresolved. The answer to this question also has practical implications for fields ranging from heat flow in Earth mantle materials to thermoelectrics design. It is well known that long-range Coulomb interactions between ions in a polar system result in a nonanalytic term in the dynamical matrix that depends on the Born effective charge Z Ã and dielectric constant ε ∞ . This term leads to Lydanne-SachsTeller splitting of the longitudinal and transverse optical modes at the Γ point [23] . While it is clear that long-range Coulomb interactions significantly change the phonon dispersion of polar materials, evidence for a direct effect on κ has been inconclusive. Optical phonons typically have small group velocities and do not contribute directly to thermal transport [17, 18] . Further, LO-TO splitting usually does not lead to major changes in group velocity near the Γ point; therefore, its effect on κ is often neglected. However, optical phonons do play a key role in scattering acoustic phonons [2] . In this case, LO-TO splitting may appreciably affect acoustic thermal transport. Coulomb interactions push the LO branch to higher frequencies and could significantly alter the phase space for phonon-phonon scattering and the resulting thermal conductivity. As a counter-point, one could argue that changes in phase space would be localized at Γ and this would lead to a small change in κ. For low κ systems, it is reasonable to assume that this effect would be small compared to other scattering mechanisms. Therefore, the best candidate to isolate polar effects would be a high κ polar system with a small number of phonon branches and a correspondingly small phase space for phonon-phonon scattering.
Cubic boron nitride (c-BN) has a two-atom zinc blende crystal structure, a sizable LO-TO splitting (∼227 cm −1 at Γ), and a wide LO-TO gap for most of the Brillouin zone. Previously examined polar systems do not present ideal systems for isolating LO-TO effects. GaN has fairly large LO-TO splitting [24] , but the significant phonon band gap between GaN optical and acoustic branches plays a dominant role in determining κ. By contrast, c-BN optical branches are situated at the top of the acoustic branches with TO phonon branches overlapping the LA branch at multiple Brillouin zone points. On the other extreme, BAs [19] was recently shown to have a κ potentially higher than diamond, but its LO-TO splitting is too small (∼3 cm −1 ) to be significant. In this letter, we examine the variation of κ in c-BN over a wide pressure range, which enables us to manipulate LO-TO splitting, the position of acoustic and optical branches, and the anharmonic interatomic force constants. This provides a physical knob to adjust the polar nature of c-BN and understand its impact on κ. A further benefit of c-BN is that diamond provides a suitable and well-studied nonpolar analogue.
The lattice thermal conductivity was calculated using a first-principles approach without any adjustable parameters, where harmonic and anharmonic interatomic force constants (IFCs) are determined using density functional perturbation theory (DFPT). Our calculations are done within the local density approximation (LDA) and Bachlet-HamannSchlüter [25] pseudopotentials were used for all atoms. A 8 × 8 × 8 Monkhorst-Pack k-point grid, 4 × 4 × 4 q-mesh and a 120 Ry cutoff energy were used to calculate the harmonic IFCs. Third order anharmonic IFCs were calculated at 0 K and include interactions out to seventh nearest neighbors [2, 26] . For heat flow along z direction, κ is [2] :
where V is crystal volume, C λ is mode specific heat, and v z is group velocity along z. We use the shorthand λ ¼ ðj; q ! Þ where j and q ! are phonon branch and wave vector, respectively. Specific heat and group velocity are calculated using harmonic IFCs, while third order anharmonic IFCs are required to calculate scattering times (τ λz ). Scattering times are obtained by iteratively solving the linearized Boltzmann transport equation [1, 2, 27 ] (see Supplemental Material [28] for details):
where T is temperature and the perturbed phonon distribution is given by n λ ¼ n 0 λ þ n ne λ where n 0 λ is the equilibrium BoseEinstein phonon distribution and the nonequilibrium portion, n ne λ , is proportional to ∇T. The collision term is solved explicitly and considers phonon-phonon scattering based on Fermi's Golden rule. We consider all scattering processes in the phase space (determined by the phonon dispersion and the q-point sampling grid used) that satisfy conservation of energy, ω j ð q ! Þ AE ω j 0 ð q !0 Þ ¼ ω j 00 ð q !00 Þ, and crystal momen-
(umklapp) processes. To isolate effects due to the polar nature of c-BN, we consider an isotopically pure system. Before we investigate pressure effects on c-BN thermal conductivity, a brief review is necessary to verify our approach. For no applied pressure, our calculated room temperature κ (κ RT ) was 2113 W=m-K. Previous theoretical estimates for c-BN κ RT vary widely with predictions ranging from 850 to 3000 W=m-K [29] [30] [31] . This wide spread can be traced to adjustable parameters used to fit experimental data of diamond [31] or to treat N-and Uscattering processes [29, 30] . Since experimental estimates of c-BN κ RT (1300 W=m-K) are limited to samples with scatterings from boundaries and impurities [32] , the use of empirical approaches with fitted parameters is questionable. Recently, Lindsay et al. [19] estimated a similar value (2145 W=m-K) for κ RT from first-principles calculations based on a real space approach considering interactions out to third nearest neighbor. The small κ RT difference (1.5%) between these two approaches could be due to our inclusion of longer range interactions. The difference in κ calculated using DFPT and the real space approach is similar to that found (< 3%) for other polar materials (GaAs and GaP) [33] . The calculated c-BN κ RT was lower than the reported value for diamond (> 3000 W=m-K) using a similar approach [2] . This is qualitatively consistent with experimental measurements [32] .
Figure 1(a) shows the calculated κ of isotopically pure c-BN as a function of temperature and pressure. Under applied pressure, c-BN κ increases as was found with diamond [27] ; however, the variation of κ with pressure is not linear (white lines along the P axes) for any given temperature [ Fig. 1(a) ]. The nonlinearity in κ with pressure is more profound in the low temperature regime (T ¼ 200-400 K) compared to higher temperatures, T > 400 K. To investigate the pressure effect on κ explicitly, the variation of κ RT with pressure at T ¼ 300 K is shown in Fig. 1(b) . The variation of κ RT in c-BN with pressure can be divided into two different regions. In region I (P ¼ 0-114 GPa), κ RT increases nonlinearly with pressure and in region II (P > 114 GPa), κ RT increases linearly with pressure with a sharp increase in slope [ Fig. 1(b) ]. This is in stark contrast to diamond's behavior under pressure [27] where κ increases linearly over a wide pressure range (80-400 GPa) with a slight parabolic section at lower pressures.
The applied pressure was simulated by changing the lattice constant similar to previous work on diamond [27] . The calculated c-BN equation of state is in excellent agreement with experiment [35] (see Fig. S1 in Supplemental Material [28] ). The pressure variation with lattice parameter is identical to diamond [27] (see Fig. S1 in Supplemental Material [28] ) in the low pressure regime and deviates slightly at higher pressure. This indicates that the polar bonds in c-BN do not affect the equation of state, but do affect κ.
The nonlinearity in Fig. 1(b) for P < 114 GPa may be due to the variation of the group velocities (see Fig. S2 (a) in Supplemental Material [28] ) and specific heat (see Fig. S2 (b) in Supplemental Material [28] ), which also vary nonlinearly with increasing pressure. However, the P − κ RT relationship cannot be explained based on these alone. To support this argument, we fitted our P − κ RT data, adapting the expression proposed by Hofmeister [34] :
where g ¼ ð∂K T =∂PÞ T ¼ 3.01 (for c-BN) and K T is the bulk modulus. ρ and ρ 0 are mass densities at applied pressure and with no applied pressure, respectively. This model assumes the change in group velocity can be approximated by the change in bulk sound velocity [34] . For T ¼ 300 K, T=T o ¼ 1, and κ 0 ¼ 2113 W=m-K, the resulting κ RT using Eq. (3) is shown in Fig. 1(b) . It is clear that Eq. (3) does not agree with the calculated P − κ RT characteristics of c-BN in the low pressure regime; however, they do concur at much higher pressures, P > 220 GPa ( Fig. 1(b) inset) . To understand how pressure affects c-BN κ, we examined phonon dispersions at various pressures. Calculated phonon dispersions at P ¼ 0, 114, 174, and 283 GPa are shown in Figs. 2(a)-2(d) and phonon dispersions at additional pressures are listed in Supplemental Material (Fig. S3) [28] . Since the complete c-BN phonon dispersion has not been measured, we compared our calculated P ¼ 0 GPa phonon dispersion with available second order Raman-spectra [36] for LO and TO branches and found good agreement (Table 1 of Supplemental Material [28] ). The calculated group velocities: 15.11 (15.41 [37] ) and 11.22 (11.8 [37] ) km=s also agree well with measured values. In the equilibrium geometry, a LO-TO gap occurs at Γ (227 cm −1 ) [ Fig. 2(a) ] as well as at X and L highsymmetry points. The LA-branch disperses into the optical branches at X with a significant LA-TO interaction. With applied pressure, the low-frequency TA branches remained unaltered apart from a slight shift to higher frequencies similar to diamond [27] . As pressure increases, the LA branch maximum and the optical branches gradually move up in frequency and the LO-TO gap at Γ reduces nonlinearly (Fig. S4 [28] ). Under pressure, the LO branch gradually merges with the TO branches, closing the LO-TO gap at L and at X for P ¼ 174 and P ¼ 283 GPa, respectively conservation of momentum and energy [38] . Due to the upward movement of the optical branches, the LA-branch starts decoupling from the optical branches with increasing pressure and becomes completely decoupled at P ¼ 114 GPa. This acts to reduce a-a-o scattering. These factors culminate in a discrete increase in κ RT at P > 114 GPa. These dramatic changes in phonon dispersion due to applied pressure are not common in polar materials. The GaN LO-TO splitting increases slightly, but AlN LO-TO splitting is unaffected by pressure [39] . III-V materials have similar dielectric constants. Therefore, differences in the pressure dependence of LO-TO splitting can be attributed to differences in bond ionicity. The bond ionicity of AlN and GaN (Born effective charge ∼2.5 [40] ) is greater than BN (Born effective charge ∼1.9, this Letter). Since the charge is localized on the ions, the charge distribution in AlN and GaN does not change significantly [40] with applied pressure. Due to its lower ionicity, external pressure has a more significant effect on the charge distribution in c-BN. This leads to the higher pressure dependency of LO-TO splitting in c-BN compared to AlN and GaN.
A direct correlation between differences in the above mentioned scattering processes and optical phonon populations can be established. Room temperature phonon population, nðωÞ for various pressures were calculated by combining phonon density of states, DðωÞ, and Bose-Einstein distribution function at T ¼ 300 K as nðωÞ ¼ DðωÞ=ðe ℏω=k B T − 1Þ. The phonon populations for different pressures are shown in Figs. 2(e)-2(h) . The horizontal line denotes the lowest optical frequency in each case. At P ¼ 0 GPa, both acoustic and optical branches are populated and a-a-a and a-a-o scattering processes can contribute to c-BN κ RT . With increasing pressure, the optical branches begin to depopulate and, at P ¼ 114 GPa, a considerable decrease in phonon population occurs [ Fig. 2(f) ], resulting in a reduction in a-a-o scattering processes. It is interesting to note that at P ¼ 114 GPa, κ RT starts to increase linearly. From P ¼ 174-283 GPa, the optical branches are almost completely depopulated, freezing out most a-a-o and o-o-a scattering processes. Scattering processes where two acoustic phonons combine to create an optical mode (a þ a → o) could still occur, but the number of (a þ o → a) or (o → a þ a) scattering processes is greatly reduced. This becomes readily apparent if we monitor the number of umklapp and normal scattering processes at each pressure that satisfy momentum and energy conservation for the dense q-grid used. In Fig. 3 , we find that the ratio of the number of umklapp processes to the total (umklapp þ normal) scattering processes saturates at P > 174 GPa. Therefore, for P > 174 GPa, since there is very little LA-TO interaction and the optical braches are depopulated, the thermal resistance of the system saturates. Since the anharmonic contribution to κ RT remains constant, any change in κ RT for P > 174 GPa is dominated by changes in harmonic properties such as group velocities and specific heat. Interestingly, in this region, the calculated κ RT approaches the Eq. (3) value.
We also examined how the acoustic phonon mean free paths (MFPs) changed with pressure [ Fig. 3 (inset) ]. Interestingly, the acoustic branch MFPs remain unaltered until P ¼ 114 GPa, where they start increasing sharply. This supports the conclusion that at P > 114 GPa the a-a-o and o-o-a scatterings are frozen out, leading to a sharp increase in κ RT [ Fig. 1(b) ]. κ RT in diamond under pressure increases mainly due to phonon modes shifting to higher frequencies, resulting in weaker phonon-phonon scattering [27] . We find c-BN optical phonons are much more sensitive to external pressure. κ RT with pressure is not only affected by the higher frequency optical modes but also by differing phonon distributions with pressure in the optical branches.
In summary, we used pressure to manipulate the c-BN phonon dispersion and we studied its impact on thermal conductivity by using a linear phonon Boltzmann transport equation that builds on ab initio force constants. In sharp contrast to the linear increase observed in diamond, we find the variation of κ RT of c-BN exhibits two different pressure regimes: a nonlinear regime up to P ¼ 114 GPa and a linear region for P > 114 GPa. With increasing pressure, the LA branch completely decouples from the optical branches and at RT, the optical branches are almost completely depopulated, significantly reducing a-a-o scattering. This leads to saturated thermal resistance due to phonon-phonon scattering and results in a sharp rise in the acoustic phonon mean free paths. As a result, at P > 114 GPa, κ RT increases linearly, dictated by group velocities and related harmonic properties when a-a-o scatterings are frozen out and phonon-phonon scattering is dominated by a-a-a scattering. Finally, by manipulating the LO-TO splitting via applied pressure, we showed wide variation of κ in polar materials. Given that c-BN serves as a pressure gauge in diamond anvil experiments, verification of our predictions should be possible. This study provides new physical insights into the effect of LO-TO splitting on a-a-o scattering processes and offers direct evidence for their role in determining κ in polar materials. This could have important implications for the thermal conductivity of Earth mantle minerals. Hofmeister [34] noted that comparing measured mineral thermal conductivity with analytical models required fitting parameters due to the omission of the pressure dependence of phonon lifetimes. Our first principle study calculates κ directly without adjustable parameters. In addition, the origin of low κ in PbTe was recently traced to coupling between LA and TO branches [41, 42] . The LO-TO gap and the localization of TO mode in PbTe are sensitive to small density changes [43] . This suggests that a nonlinear pressure regime for κ may also exist in PbTe thermoelectrics, given that the overlap of optical and acoustic branches may be tuned via external pressure.
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